Purinergic signaling mediates oxidative stress in UVA-exposed THP-1 cells  by Kawano, Ayumi et al.
P
U
A
H
a
b
C
a
A
R
A
A
K
U
A
P
R
C
1
l
w
n
U
o
p
i
o
8
2
(Toxicology Reports 2 (2015) 391–400
Contents lists available at ScienceDirect
Toxicology  Reports
journa l h om epa ge: www.elsev ier .com/ locate / toxrep
urinergic  signaling  mediates  oxidative  stress  in
VA-exposed  THP-1  cells
yumi  Kawanoa,  Akimitsu  Hayakawaa, Shuji  Kojimab,  Mitsutoshi  Tsukimotob,
ikaru  Sakamotoa,∗
Radioisotope Research Laboratory, School of Pharmacy, Kitasato University, 5-9-1 Shirokane, Minato-ku, Tokyo, Japan
Department of Radiation Biosciences, Faculty of Pharmaceutical Sciences, Tokyo University of Science, 2641 Yamazaki, Noda-shi,
hiba, Japan
 r  t  i c  l  e  i  n  f  o
rticle history:
eceived 26 January 2015
ccepted 26 January 2015
vailable online 7 February 2015
eywords:
ltraviolet A
TP
2X7 receptor
eactive oxygen species
ell death
a  b  s  t  r  a  c  t
Ultraviolet  A  (UVA)  radiation,  the  major  UV component  of  solar  radiation,  can  penetrate  eas-
ily  to the  dermis,  where  it causes  signiﬁcant  damage  to cellular  components  by  inducing
formation  of  reactive  oxygen  species  (ROS).  On  the  other  hand,  extracellular  ATP  is released
in response  to various  stimuli,  and  activates  purinergic  P2X7  receptor,  triggering  ROS  pro-
duction and  cell  death.  Here,  we  examined  the  hypothesis  that  ATP  release  followed  by
activation  of P2X7  receptor  plays a role  in UVA-induced  oxidative  cell damage,  using  human
acute monocytic  leukemia  cell line THP-1.  Indeed,  UVA  irradiation  of  THP-1  cells  induced
ATP release  and  activation  of  P2X7  receptor.  Irradiated  cells showed  a rapid  increase  of both
p67phox in membrane  fraction  and  intracellular  ROS.  Pretreatment  with  ecto-nucleotidase  or
P2X7  receptor  antagonist  blocked  the UVA-initiated  membrane  translocation  of  p67phox and
ROS  production.  Furthermore,  pretreatment  with  antioxidant  or P2X7  receptor  antagonist
efﬁciently  protected  UVA-irradiated  cells  from  caspase-dependent  cell death.  These  ﬁnd-
ings  show  that  autocrine  signaling  through  release  of  ATP  and  activation  of P2X7  receptor
is  required  for  UVA-induced  stimulation  of  oxidative  stress  in monocytes.
©  2015  The  Authors.  Published  by  Elsevier  Ireland  Ltd. This  is  an  open  access  article  under
Y-NC-Nthe  CC  B
. Introduction
Ultraviolet (UV) irradiation is divided into three wave-
ength ranges: UVA, UVB, and UVC. UVA covers the
avelength range 320–400 nm,  and is the major compo-
ent of UV exposure encountered in daily life [1]. Unlike
VB that cannot penetrate much deeper than the epidermis
f the skin, it is estimated that about 50% of incident UVA
enetrates Caucasian skin all the way to the dermis, and
s capable of irradiating blood leukocytes passing through
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skin capillaries [2,3,41]. Polderman et al. [3] reported that
UVA caused cell death of peripheral blood mononuclear
cells, and monocytes seemed to be the most sensitive to
UVA among white cells. However, it is still unclear how
monocytes are impaired by UVA irradiation.
UVA-induced damage occurs mainly via oxidative stress
at the cellular level, and UVA is considered as the most
important oxidizing agent in human skin [42]. Expo-
sure of skin to UVA results in the generation of large
amounts of intracellular reactive oxygen species (ROS),
which directly or indirectly affect various cell signaling
pathways, as well as augmenting various UV-induced cuta-
neous reactions including inﬂammation, photosensitivity
and carcinogenesis [4,5]. Singlet oxygen (1O2), the major
ROS, is formed in cells by energy transfer to molecu-
lar oxygen from the triplet excited state of endogenous
is is an open access article under the CC BY-NC-ND license
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chromophores. The endogenous chromophores and their
locations in mammalian cells have not been identiﬁed,
but many chromophores such as porphyrins, NAD (P) H,
ﬂavins, and other enzyme cofactors have been consid-
ered as photobiologically active [6]. It is well known that
1O2 contributes to UVA-induced responses [7,43]. How-
ever, other ROS are involved in UVA-induced responses,
because the lifetime of 1O2 in cells is very short [8,9], and
ROS are detected long after the end of UVA exposure [10].
Among UVA-induced ROS, superoxide (O2·−) and hydrogen
peroxide can destroy normal cell structure and function,
resulting in tissue injury [11]. Godar [43] reported that
UVA radiation triggers two different apoptotic pathways,
mediated by 1O2 or O2·−. Thus, ROS produced subsequent
to 1O2 appear to play a key role in UVA-induced cellular
responses.
The purinergic P2X7 receptor belongs to the family
of purinoreceptors for ATP, and is expressed in various
immune cells, including monocytes [12]. Upon ATP stim-
ulation, P2X7 receptor opens a cation channel, which
permits K+ inﬂux, and gradually forms a larger pore on the
membrane [13]. Since activation of P2X7 receptor results
in membrane blebbing [14], ROS production via NADPH
oxidase activation [15], and apoptotic and/or necrotic cell
death [16], P2X7 receptor appears to have an important role
in regulating inﬂammation. Cells injured at sites of inﬂam-
mation can passively release ATP in amounts sufﬁcient to
active P2X7 receptor. It was recently reported that agonists
of different pattern recognition receptors trigger release of
endogenous ATP and stimulate P2X7 receptor in human
monocytes [17]. However, it is unknown whether UVA irra-
diation of monocytes evokes ATP release and subsequent
activation of P2X7 receptor.
The objective of the present study was to examine
whether autocrine signaling through ATP-P2X7 receptor
is involved in UVA-induced ROS production and caspase-
dependent death of human monocytes. Our results suggest
that ATP released from cells activates P2X7 receptor, and
this leads to formation of ROS. These ﬁndings indicated
that autocrine ATP signaling contributes to UVA-induced
cellular injury of monocytes.
2. Materials and methods
2.1. Reagents and antibodies
l-Ascorbic acid and probenecid were purchased from
Wako Pure Chemical Industries (Osaka, Japan). MnTMPyP
was purchased from Merck (Darmstadt, Germany).
Caspase-3 antibody, caspase-9 antibody, goat horseradish
peroxidase (HRP)-conjugated anti-rabbit IgG antibody
and goat HRP-conjugated anti-mouse IgG antibody were
purchased from Cell Signaling Technology, Inc. (Beverly,
MA). Puriﬁed mouse anti-p67 and puriﬁed mouse anti-
ﬂotillin-1 were purchased from BD Biosciences (San Jose,
CA). Mouse anti--actin antibody was purchased from
Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). Unless
otherwise stated, all other reagents were obtained from
Sigma Aldrich (St. Louis, MO). All chemicals used were of
the highest purity available.orts 2 (2015) 391–400
2.2. Cell culture and irradiation
THP-1 human acute monocytic leukemia cells (Amer-
ican Type Culture Collection) were grown in RPMI
1640 medium (Wako), supplemented with 10% fetal
bovine serum (HyClone Laboratories, South Logan, UT),
penicillin (100 units/mL) and streptomycin (100 g/mL)
(Sigma–Aldrich) in a humidiﬁed atmosphere of 5% CO2 in
air at 37 ◦C.
The medium was removed, and cells were washed twice
with phosphate-buffered saline (PBS) before UVA irradia-
tion. The medium was replaced with RPMI Medium 1640
(without Phenol Red) (Life Technologies, Carlsbad, CA), and
then UVA irradiation was  performed. The UVA irradiation
source was  a black light (UVA) lamp (Sankyo Denki, Tokyo,
Japan) with peak energy emission at 360 nm.  The emitted
dose was  measured with a radiometer (UVX-36; UVP, Inc.,
San Gabriel, CA). No UVB component was detected with
a UVX-31 sensor (UVP, Inc.). The irradiance at the sample
level was  about 2.5 mW/cm2. The cooling control device
was  used to prevent excessive temperature rise by the gen-
eration of heat (Preset temperature is 21 ◦C).
2.3. Detection of ROS level
ROS were assayed with ROS indicator 6-carboxy-2′,7′-
dichlorodihydroﬂuorescein diacetate (carboxy-H2DCFDA)
(Molecular Probes, Eugene, OR). Cells were loaded with
10 M carboxy-H2DCFDA for 30 min  at 37 ◦C and washed
twice with PBS. After UVA irradiation, ﬂuorescence was
detected using a dual-scanning microplate spectroﬂuo-
rometer (SpectraMax M5,  Molecular Devices, Orleans, CA)
with 485 nm excitation and 538 nm emission, or visualized
with a ﬂuorescence microscope (Olympus, Tokyo, Japan).
2.4. Immunoblotting
Aliquots of samples (10 g per lane) were separated by
means of 10% SDS-PAGE and transferred onto a PVDF mem-
brane. Blots were incubated for 2 h at room temperature
in Tris-buffered saline containing 0.1% Tween 20 (TBS-T)
(10 mM Tris–HCl, 100 mM NaCl, 0.1% Tween 20, pH 7.5)
with 1% BSA and incubated at 4 ◦C overnight with puriﬁed
mouse anti-p67 (1:1000), caspase-3 antibody (1:1000), or
caspase-9 antibody (1:1000). Puriﬁed mouse anti-ﬂotillin-
1 (1:1000) and anti--actin antibody (1:1000) were used
to conﬁrm equal loading. Blots were washed with TBS-T,
incubated with goat HRP-conjugated anti-rabbit IgG anti-
body (1:20,000) or goat HRP-conjugated anti-mouse IgG
antibody (1:20,000) for 30 min  at room temperature, and
washed again with TBS-T. Speciﬁc proteins were visualized
using ECL Western blotting detection reagents (GE Health-
care, Buckinghamshire, UK).
2.5. Cell fractionation
Cellular membrane fraction was  prepared with the
Mem-PERTM Eukaryotic Membrane Protein Extraction
Reagent kit (Pierce Chemical, Rockford, IL) according to the
manufacturer’s instructions. Cells were washed with PBS
twice and the cell pellet was  lysed at room temperature
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sing cell lysis buffer (Reagent A). The membrane pro-
eins were solubilized on ice with membrane solubilization
uffer (Reagent C), which was diluted 2:1 with detergent
ilution buffer (Reagent B). Reagent A and Reagents B/C
nclude protease inhibitor cocktail (Sigma–Aldrich). The
olubilized protein mixture was centrifuged at 10,000 × g
or 3 min  at 4 ◦C to remove cellular debris. The clariﬁed
upernatant was heated at 37 ◦C for 20 min, and then cen-
rifuged at 10,000 × g for 2 min  to separate the membrane
nd hydrophilic protein fractions. The membrane proteins
ere dissolved in 2 × sample buffer (25% glycerin, 1% SDS,
2.5 mM  Tris–Cl, 10 mM DTT) after removal of detergent
ith an SDS-PAGE Sample Prep Kit (Pierce Chemical), and
he solution was boiled for 10 min. Samples were analyzed
y Western blotting as described above.
.6. Measurement of extracellular ATP
Extracellular ATP concentration was measured by
sing ENLITEN® rLuciferase/Luciferin Reagent (Promega,
adison, WI). After irradiation, culture supernatant
as collected at the indicated time points. Each sam-
le was centrifuged at 600 × g for 1 min  and 10 L
f the supernatant was used for ATP determination.
uciferin–luciferase reagent (100 L) was added to the
upernatant, and the chemiluminescence was measured
ith a SpectraMax M5.  The ATP concentration in each
ample was determined by comparing the luminescence
f samples with those of standards in the range of
0−6–10−9 M.
.7. Quantiﬁcation of lactate dehydrogenase (LDH)
elease
Release of LDH into cell culture supernatant was quan-
iﬁed with a Cytotoxicity Detection Kit (Roche Applied
cience, Basel, Switzerland), according to the manufac-
urer’s instructions. After UVA irradiation, cells were
ncubated for 30 min. At the end of incubation, super-
atants were collected and the LDH content was measured.
DH release is expressed as a percentage of the total con-
ent determined by lysing an equal amount of cells with
ysis buffer.
.8. Analysis of pore formation
After UVA irradiation, ethidium bromide (EtBr) was
dded to the culture medium and incubation was  con-
inued for 5 min. The ﬂuorescence was detected with
 SpectraMax M5  set at 485 nm excitation and 612 nm
mission, or visualized with a ﬂuorescence microscope
Olympus).
.9. siRNA transfection
Transient transfection with siRNA against human P2RX7
#1: Cat. SI000039508 and #2: SI00039515) (Qiagen, Milan,
taly) was performed according to the manufacturer’s
nstructions. Negative control siRNA (Cat. 1022076) (Qia-
en) was used as a control. A suspension of THP-1 cells
1.0 × 106 cells/mL) was diluted with an equal volume oforts 2 (2015) 391–400 393
serum-free RPMI containing HiPerFect transfection reagent
(Qiagen) and siRNA (100 nM). After 6 h, the cell suspen-
sion was further diluted 1:2 with fresh complete culture
medium. Transfected cells were maintained in culture for
up to 48 h before being used for the analysis.
2.10. Analysis of cell viability
Cellular viability was determined by means of 3-[4,5-
dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide
(MTT) assay. The MTT  solution was  added to a ﬁnal
concentration of 0.05%. After incubation for 4 h at 37 ◦C
in a humidiﬁed air atmosphere containing 5% CO2, stop
solution (0.04 M HCl/isopropanol) was added and the
mixture was  incubated for 24 h. The absorption at 595 nm
was measured with an iMark microplate reader (Bio-Rad,
Hercules, CA).
2.11. Morphological detection of apoptosis
Morphological changes characteristic of apoptosis were
assessed by ﬂuorescence microscopy after staining with
the DNA-binding ﬂuorochrome Hoechst 33342 (Dojindo).
After UVA irradiation, cells were incubated for 3 h, then
washed twice with PBS, and stained with Hoechst 33342
for 10 min  at room temperature. The cells were then exam-
ined with a ﬂuorescence microscope (Olympus) to evaluate
nuclei fragmentation and chromatin condensation. The
number of apoptotic nuclei in the microscopic ﬁeld was
counted.
2.12. Statistics
Results are expressed as mean ± SD. The statistical sig-
niﬁcance of differences between two groups was calculated
by using the unpaired Student’s t-test, and multiple groups
were compared using ANOVA followed by pairwise com-
parisons with Bonferroni’s post hoc analysis. Calculation
was done with GraphPad prism 6.0 (GraphPad Software,
San Diego, CA). The criterion of signiﬁcance was set as
P < 0.05.
3. Results
3.1. UVA induces sustained ROS production in THP-1 cells
As shown in Fig. 1A, a signiﬁcant and dose-dependent
increase of DCF ﬂuorescence occurred in response to UVA
exposure. Previous studies have indicated that exposure of
epidermal keratinocytes to 10 J/cm2 UVA or more causes
molecular and cellular damage related to photoaging and
photocarcinogenesis [18,19], and approximately half of
total radiation dosage of UVA is absorbed by the epi-
dermis [3]. Based on these viewpoints, a dose of 5 J/cm2
UVA was  selected for further experiments. The ﬂuores-
cence intensity peaked at 5 min, and remained elevated for
60 min. To examine whether the increase in DCF ﬂuores-
cence reﬂected elevation of intracellular ROS, cells were
pretreated with antioxidant, l-ascorbic acid (l-aa), or a
membrane-permeable SOD mimetic, MnTMPyP. l-aa or
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Fig. 1. ROS production in response to UVA in THP-1 cells. (A) Cells loaded with carboxy-H2DCFDA were irradiated with various doses of UVA. ROS generation
was  measured with DCF at the indicated time points after UVA irradiation. The ﬂuorescence was  analyzed with a ﬂuorometer. Each value represents the
mean  ± SD (n = 4). Next, cells loaded with carboxy-H2DCFDA were pre-incubated with vehicle alone or (B) l-ascorbic acid (1 mM)  or (C) MnTMPyP (5 M)
rescenc
 the ind
ree indefor  30 min, then irradiated with 5 J/cm2, and incubated for 5 min. The ﬂuo
(n  = 4). Signiﬁcant differences between the irradiated control groups and
detected by ﬂuorescence microscopy; similar results were obtained in th
MnTMPyP signiﬁcantly reduced the UVA-induced ROS pro-
duction (Fig. 1B and C). Fluorescence microscopy images
also showed a marked increase of DCF ﬂuorescence in UVA-
irradiated cells, and conﬁrmed that pretreatment with l-aa
or MnTMPyP dramatically decreased the UVA-mediated
ROS production (Fig. 1D). These results indicate that UVA
irradiation can induce sustained ROS production in THP-1
cells.
3.2. NADPH oxidase is a major source of UVA-induced
ROS production
Exposure to UVA has been reported to activate NADPH
oxidase and to trigger rapid cellular oxidation in kera-
tinocytes [10]. Activation of NADPH oxidase involves
the translocation of cytosolic components (e.g. p47phox,
p40phox, p67phox, and p21rac) onto membrane-bound pro-
teins (e.g. gp91phox and gp22phox). THP-1 cells show
intracellular expression of NADPH oxidase subunit p67phox
[20]. We  therefore examined whether NADPH oxidase is
involved in UVA-induced ROS production in THP-1 cells by
monitoring the membrane translocation of p67phox. After
UVA irradiation, the amount of p67phox in the membrane
fraction increased (Fig. 2A). Next, we examined the effect
of the NADPH oxidase inhibitor DPI. As shown in Fig. 2B,
DPI inhibited UVA-mediated ROS production. However, DPI
inhibits not only NADPH oxidase, but also mitochondrial
complex I, xanthine oxidase, and NO synthase. Therefore,e was  analyzed with a ﬂuorometer. Each value represents the mean ± SD
icated groups are indicated by *** (P < 0.001). (D) DCF ﬂuorescence was
pendent experiments, and typical images are presented.
we  also tested inhibitors of each enzyme complex. Pre-
incubation with an inhibitor of mitochondrial complex I
(rotenone), a xanthine oxidase inhibitor (allopurinol) or a
broad-spectrum NO synthase inhibitor (l-NAME) did not
block ROS formation (Fig. 2C and D). Taken together, these
results indicate that NADPH oxidase is required for UVA-
induced ROS production.
3.3. UVA irradiation induces ATP release
Released ATP can serve as paracrine signaling molecule
for intercellular communication, or it can act in an
autocrine manner to regulate cellular functions. We  mea-
sured the extracellular concentration of ATP in culture
medium by means of luciferin–luciferase reaction-based
assay. As shown in Fig. 3A, the extracellular concentra-
tion of ATP was increased soon after irradiation, and was
maintained even at 30 min  of post treatment. To iden-
tify the pathway of the ATP release, we  examined the
effects of several inhibitors. ATP release was  signiﬁcantly
suppressed by GdCl3 and arachidonic acid (maxi-anion
channel blockers), as well as CBX and probenecid (gap junc-
tion hemichannel blockers), while glibenclamide (anion
transporter inhibitor) and baﬁlomycin A1 (inhibitor of
vesicular H+-ATPase) did not block the ATP release (Fig. 3B).
These results suggested that release of ATP after UVA
irradiation is regulated by plural mechanisms, including
maxi-anion channels and hemichannels. We  conﬁrmed
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Fig. 2. UVA irradiation induces assembly of NADPH oxidase. (A) UVA-irradiated cells were incubated for 5 min. Lysates were fractionated, and the p67phox
distribution in cytosolic and membrane fractions was analyzed by Western blotting. (B–D) Cells loaded with carboxy-H2DCFDA were pre-incubated with (B)
DPI  (100 M,  1.5 h) or (C) rotenone (5 M,  30 min) or allopurinol (100 M,  30 min); or (D) l-NAME (1 mM,  1 h), then irradiated with 5 J/cm2, and incubated
for  5 min. The ﬂuorescence was analyzed with a ﬂuorometer. Each value represents the mean ± SD (n = 4). Signiﬁcant differences between the irradiated
control groups and the indicated groups are indicated by ** (P < 0.01).
Fig. 3. UVA irradiation induces endogenous ATP release. (A) Cells were irradiated with 5 J/cm2 and incubated for the indicated times. (B) Cells were
pretreated with GdCl3 (50 M),  arachidonic acid (20 M),  glibenclamide (100 M),  CBX (30 M),  probenecid (500 M) or baﬁlomycin A (50 nM)  for 30 min,
then  irradiated with 5 J/cm2, and 1 min  later, the supernatant was  collected. In each experiment, the concentration of ATP in the culture medium was
measured as described in Section 2. Each value represents the mean ± SD (n = 4–8). Signiﬁcant differences between the time point 0 or irradiated control
groups  and the indicated groups are indicated by ** (P < 0.01) and *** (P < 0.001), respectively. (C) Cells were irradiated with 5 J/cm2 and incubated for
30  min. At the end of incubation, the supernatant was  collected and the LDH content was measured. Release of LDH is expressed as a percentage of the
total  content determined by lysing an equal number of cells with lysis buffer. Each value represents the mean ± SD (n = 6).
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Fig. 4. UVA irradiation activates P2X7 receptor. (A) Cells were irradiated with 5 J/cm2 UVA, and then EtBr (25 M)  was added to the culture medium
for  5 min. The change in ﬂuorescence intensity of EtBr was  determined by ﬂuorescence microscopy. (B) Cells were pre-incubated with CBX (30 M)  or
probenecid (500 M)  for 30 min, and irradiated with 5 J/cm2 UVA. (C) Cells were pre-incubated with apyrase (10 U/mL) or oxATP (300 M)  for 30 min, and
ith EtBr
t differeirradiated with 5 J/cm2 UVA. In both experiments, cells were incubated w
with  a ﬂuorometer. Each value represents the mean ± SD (n = 4). Signiﬁcan
indicated by ** (P < 0.01).
that UVA irradiation did not induce cell death within 30 min
(Fig. 3C), suggesting that leakage of ATP from dead cells is
not a major route of UVA-induced ATP release.
3.4. UVA-induced ROS production is mediated by P2X7
receptor activation
Extracellular ATP binding to P2X7 ion channels has
been proposed as a mechanism of ROS production. It has
been reported that activation of P2X7 receptor induces ROS
generation through Nox2-based NADPH oxidase in mono-
cytes/macrophages [15]. Since ATP is released from cells
after UVA irradiation, P2X7 receptor might be activated. It
is known that P2X7 receptor is coupled to hemichannels,
leading to the opening of a large plasma membrane pore,
which is permeable to large-molecular-mass dyes [21]. To
investigate whether P2X7 receptor is activated upon expo-
sure to UVA, we evaluated pore formation by measuring
the inﬂux of EtBr. As shown in Fig. 4A, UVA irradiation
induced uptake of EtBr into the cells. The ﬂuorescence
intensity increased in UVA-irradiated cells, but pretreat-
ment with CBX or probenecid signiﬁcantly reduced the
increase in ﬂuorescence triggered by UVA (Fig. 4B). Uptake
of EtBr was also decreased by pretreatment with ecto-
nucleotidase, apyrase, and a pharmacological antagonist
of P2X7 receptor, oxATP (Fig. 4C). These results suggested
that UVA irradiation leads to activation of P2X7 recep-
tor.
We next evaluated the role of P2X7 receptor in ROS
production. Translocation of the cytosolic factor p67phox to
the plasma membrane by UVA stimulation was prevented
by apyrase or oxATP pretreatment (Fig. 5A). In addition,
treatment with apyrase or oxATP blocked the stimula-
tory effect of UVA on ROS production (Fig. 5B). To conﬁrm
the involvement of P2X7 receptor in UVA-irradiation-
induced ROS production, we silenced the expression (25 M) for 5 min  after irradiation, and the ﬂuorescence was measured
nces between the irradiated control groups and the indicated groups are
of P2X7 receptor with siRNA. In cells transfected with
P2X7-siRNA, P2X7 receptor protein expression was
impaired (Fig. 5C). UVA-induced ROS production was also
decreased in cells transfected with siRNA for P2X7 recep-
tor (Fig. 5D). Taken together, our results indicate that ATP
released into extracellular space activated P2X7 receptor,
which in turn activated NADPH oxidase, resulting in ROS
production.
3.5. Apoptosis triggered by UVA irradiation is partially
mediated by P2X7 receptor activation
To investigate whether the caspase pathway is involved
in UVA-induced cell damage, cell viability was analyzed
using Z-VAD-FMK (a broad-spectrum caspase inhibitor).
Exposure to UVA resulted in a signiﬁcant decrease in cell
viability, but inhibition of the caspase pathway markedly
reduced the decrease of cell viability (Fig. 6A). Next, we
examined UVA-induced expression of apoptosis markers
such as cleaved caspase-9 and -3 by Western blotting. As
shown in Fig. 6B, UVA irradiation signiﬁcantly enhanced
caspase activation at the 3 h time point.
To investigate whether UVA-induced apoptosis was
mediated through ROS and/or P2X7 receptor, THP-1 cells
were pretreated with l-aa or oxATP. Pretreatment with l-
aa or oxATP partially blocked the UVA-induced decrease of
cell viability, as well as the expression of cleaved caspase-9
and -3 (Fig. 7A and B). Furthermore, the morphologi-
cal characteristics of apoptotic cells were investigated by
staining with Hoechst 33342. Exposure to UVA signiﬁcantly
increased condensation of chromatin. This condensation
was  blocked by pretreatment with l-aa or oxATP (Fig. 7C).
UVA-induced caspase activation and apoptotic nuclei were
also suppressed in P2X7-knockdown cells (Fig. 8A and B).
These results show that P2X7-mediated ROS production
triggered by UVA contributes at least in part to apoptosis.
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Fig. 5. P2X7 receptor is required for UVA-induced ROS production. (A) Cells were pre-incubated with apyrase (10 U/mL) or oxATP (300 M)  for 30 min,
then  irradiated with 5 J/cm2 UVA, and incubated for 5 min. Lysates were fractionated, and the p67phox distribution in cytosolic and membrane fractions
was  analyzed by Western blotting. (B) The same experiment was run using cells loaded with carboxy-H2DCFDA. The ﬂuorescence was  analyzed with a
ﬂuorometer; each value represents the mean ± SD (n = 4). (C) Cells were transfected with siRNA for negative control or P2X7 receptor and incubated for
4 tting. (D
w ach val
i  < 0.001)
4
m
A
g
o
F
w
t
i
a8  h. Protein expression of P2X7 receptor was  determined by Western blo
ith  5 J/cm2 UVA. The ﬂuorescence was measured with a ﬂuorometer; e
rradiated control groups and the indicated groups are indicated by *** (P
. Discussion
Little is known about the effect of UVA irradiation on
onocytes. Here, we found that UVA irradiation induces
TP release from THP-1 cells, and this ATP induces ROS
eneration through activation of P2X7 receptor and NADPH
xidase. Previous studies have suggested that the release
ig. 6. UVA irradiation decreases cell viability by inducing apoptosis. (A) Cells w
ith  5 J/cm2 UVA, and incubated for 3 h. After the incubation, cell viability was  d
he  mean ± SD (n = 6). Signiﬁcant differences between the irradiated control gro
rradiation with 5 J/cm2 UVA, cells were incubated for the indicated times. At the e
nd  -3 was evaluated by Western blotting.) siRNA-transfected cells loaded with carboxy-H2DCFDA were irradiated
ue represents the mean ± SD (n = 4). Signiﬁcant differences between the
.
of ATP from THP-1 cells in response to stimuli activates
P2X7 receptor and regulates inﬂammatory responses in
an autocrine or a paracrine manner [17,22]. Our present
ﬁndings are the ﬁrst evidence that UVA exposure leads to
autocrine ATP signaling in THP-1 cells.
Excessive UVA irradiation can cause immunosuppres-
sion and photocarcinogenesis, and ROS play a key role
ere pre-incubated with z-VAD-FMK (25 M) for 30 min, then irradiated
etermined by MTT  assay as described in Section 2. Each value represents
ups and the indicated groups are indicated by *** (P < 0.001). (B) After
nd of incubation, cell lysates were prepared and expression of caspase-9
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Fig. 7. Involvement of ROS and P2X7 receptor in UVA-induced apoptosis. Cells were pre-incubated with l-aa (1 mM)  or oxATP (300 M)  for 30 min, then
irradiated with 5 J/cm2 UVA, and incubated for 3 h. (A) Cell viability was  determined by MTT  assay as described in Section 2. Each value represents the
mean ± SD (n = 6). (B) Cell lysates were prepared and expression of caspase-9 and -3 was measured by Western blotting. (C) Nuclear fragmentation was
assessed by ﬂuorescence microscopy using Hoechst 33342 (1 g/mL). The number of apoptotic cells in each ﬁeld was  counted; each value represents the
mean  ± SD (n = 4–8). Signiﬁcant differences between the irradiated control groups and the indicated groups are indicated by *** (P < 0.001).
Fig. 8. Effect of P2X7 receptor knockdown on UVA-induced apoptosis. Cells were transfected with siRNA for negative control or P2X7 receptor and incubated
for  48 h. siRNA-transfected cells were irradiated with 5 J/cm2 UVA, and incubated for 3 h. (A) Cell lysates were prepared and expression of caspase-9 and
-3  was  measured by Western blotting. (B) Nuclear fragmentation was  assessed by ﬂuorescence microscopy using Hoechst 33342 (1 g/mL). The number
of  apoptotic cells in each ﬁeld was counted; each value represents the mean ± SD (n = 3–7). Signiﬁcant differences between the irradiated control groups
and  the indicated groups are indicated by ** (P ≤ 0.01) and *** (P ≤ 0.001).
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cells, such as primary monocytes and DCs. Our ﬁndings sug-A. Kawano et al. / Toxico
n this process. Among ROS, 1O2 is generally believed to
e the ﬁrst species formed from triplet excited states of
ndogenous photosensitizers. However, 1O2 has a very
hort lifetime in cells [8,9], so that other ROS, such as
2·−, play key roles [11,23]. We  ﬁrst investigated whether
VA irradiation leads to ROS production using carboxy-
2DCFDA, which is not sensitive to 1O2 [24]. We  found that
HP-1 cells showed immediate and sustained production
f ROS following UVA irradiation.
NADPH oxidase produces ROS in response to vari-
us stimuli, through a complex series of protein/protein
nteractions [25]. We  demonstrated that UVA irradiation
esulted in translocation of p67phox to the plasma mem-
rane. It is conceivable that UVA-stimulated THP-1 cells
roduced O2·− via NADPH oxidase activation, since UVA-
nduced ROS were sensitive to inhibition of NADPH oxidase
y DPI and ROS formation was blocked by pretreatment
ith a SOD mimetic. Released O2·− is converted into
ydrogen peroxide by superoxide dismutase, and hydro-
en peroxide can diffuse into the same cell, or nearby cells,
o elicit responses. Our results indicate that the ﬁrst phase
f ROS production after UVA treatment is NADPH oxidase
n THP-1 cells.
Under normal conditions, ATP and other nucleotides are
resent intracellularly. However, when tissues are injured,
tretched, or under stress, cells release large amounts of
TP and other nucleotides in a controlled manner and the
eleased nucleotides serves as local autocrine or paracrine
ignaling molecules that regulate cell functions [26]. Our
esults showed that THP-1 cells released ATP just after UVA
rradiation. ATP can activate P2X7 receptor and stimulate a
ariety of responses, including formation of a non-speciﬁc
ore permeable to small molecules (<900 Da), activation
f mitogen-activated protein kinases (MAPKs), activation
f NADPH oxidase complex, and formation of ROS [27].
easurement of EtBr uptake has been previously used
o assess P2X7 receptor-mediated pore formation activ-
ty. UVA irradiation induces EtBr uptake, indicating that
2X7 receptor is activated by UVA irradiation. We  there-
ore suspected that ATP release and subsequent activation
f P2X7 receptor might contribute to ROS production. In
ccordance with this idea, elimination of extracellular ATP
ith apyrase or treatment with P2X7 receptor antago-
ist oxATP effectively reduced both the translocation of
67phox and ROS production induced by UVA. Blockade of
utocrine signaling mediated by release of ATP and acti-
ation of P2X7 receptor in UVA-induced ROS production
ould therefore be a target for relief of oxidative stress in
onocytes.
ATP release mechanisms are highly variable and depend
pon cell type and/or stimulus. We  excluded the possi-
ility that the increase of extracellular ATP level caused
y UVA is related to cell lysis, since UVA irradiation did
ot induce LDH release into the culture medium within
0 min. On the other hand, Cx43-based hemichannels and
he volume-regulated anion channel (VRAC) have been
mplicated as ATP release pathways [28–30]. Recent evi-
ence also suggests that exocytosis participates in ATP
elease from activated THP-1 cells [31]. Our ﬁndings indi-
ated that at least maxi-anion channel and hemichannels
re involved in the release of ATP from UVA-irradiated cells,orts 2 (2015) 391–400 399
although the mechanisms were not fully worked out. Since
P2X7 receptor requires high concentration of extracellu-
lar ATP (≥100 M)  for activation, the ATP concentration
measured in monocyte culture ﬂuids appears to be well
below the threshold required to stimulate P2X7 receptor.
However, ecto-nucleotidases, which convert ATP to ADP,
AMP, and adenosine, are expressed in monocytes [32], and
it is very likely that the measured extracellular ATP lev-
els signiﬁcantly underestimate the amount of ATP actually
released at the cell surface, because of the fast diffusion
and rapid hydrolysis of cell-derived ATP [33]. Thus, the con-
centration of ATP at the cell surface might be sufﬁcient to
activate P2X7 receptor.
Several studies have demonstrated that uncontrolled
release of ROS plays a role in UVA-induced cell death in
various cell lines [23,34]. Cell death is an important com-
ponent of the innate immune systems, leading to either
resolution or propagation of inﬂammation. Apoptosis gen-
erally results in the clearance of host cells by phagocytic
cells before release of their inﬂammatory contents, but
if there are large numbers of apoptotic cells, damaged
cells may  not be completely removed, resulting in induc-
tion of inﬂammation. Our study showed that UVA-induced
P2X7 receptor activation triggers O2·− production, which
may  lead to caspase-dependent apoptosis. However, it is
conceivable that other mechanisms are also involved in
apoptosis, since antioxidant or P2X7 receptor antagonist
did not fully block UVA-induced apoptosis. Apoptosis can
be mediated by the cell-surface death receptor and/or by
mitochondrial pathways. The former usually involves the
Fas and TNF mechanisms followed by activation of caspase-
8 [35]. The mitochondrial pathway involves the release of
cytochrome c and activation of caspase-9 [36]. Previous
reports showed that 1O2 initiates Fas receptor clustering
and FADD association with aggregated Fas, and triggers
apoptosis associated with caspase-8-mediated cytochrome
c release and caspase-3 activation [37,38]. In addition,
caspase-8-mediated rapid apoptosis has been observed in
UVA-treated cells [39]. P2X7 receptor might participate
in UVA-induced caspase-dependent cell death indepen-
dently of the 1O2-mediated apoptotic pathway. Further
studies are required to elucidate UVA-induced apoptotic
pathways.
5. Conclusion
In the present study we have uncovered a novel mech-
anism of UVA-induced ROS production in THP-1 cells,
by demonstrating that UVA irradiation stimulates NADPH
oxidase activation through ATP release and subsequent
activation of P2X7 receptor. Dendritic cells (DCs) are also
distributed in dermis. Since P2X7 receptor also involves
inﬂammatory events in DCs [40], the same phenomenon
might be observed. We  think it would be worthwhile to
investigate further the role of ATP-P2X7 receptor signaling
in UVA-mediated cellular responses in a wide range of skingest that a precise understanding of purinergic signaling
might help us to develop new strategies for ameliorating
UVA-induced oxidative damage.
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